SUMMARY Many studies of on-line comprehension of semantic violations have shown that the human sentence processor rapidly constructs a higher-order semantic interpretation of the sentence. What remains unclear, however, is the amount of time required to detect semantic anomalies while concatenating two words to form a phrase with very rapid stimuli presentation. We aimed to examine the time course of semantic integration in concatenating two words in phrase structure building, using magnetoencephalography (MEG). In the MEG experiment, subjects decided whether two words (a classifier and its corresponding noun), presented each for 66ms, form a semantically correct noun phrase. Half of the stimuli were matched pairs of classifiers and nouns. The other half were mismatched pairs of classifiers and nouns. In the analysis of MEG data, there were three primary peaks found at approximately 25ms (M1), 170ms (M2) and 250ms (M3) after the presentation of the target words. As a result, only the M3 latencies were significantly affected by the stimulus conditions. Thus, the present results indicate that the semantic integration in concatenating two words starts from approximately 250ms. key words: semantic integration, noun phrase, genitive numerical classifier, magnetoencephalography
. Introduction
It has been shown that the human brain can rapidly retrieve semantic information of a visual word when it is briefly presented. Previous studies using the masked priming paradigm, in which primes were visually presented for very short durations (50-60ms), have found that associative/semantic priming effects have been observed in the lexical decision task [10] and the picture naming task [19] . Little is known, however, about the temporal characteristics of the semantic interpretation of rapidly presented verbal stimuli beyond the isolated word level. Rapid Serial Visual Presentation (RSVP) has sometimes been used in sentence processing experiments.
Since the words are presented rapidly, syntactic and interpretive process seems to be affected. Therefore, in the sentence processing literature, the aim of RSVP experiments has been to compare RSVP results to aphasic data in order to study what kind of deficit is involved in aphasia [5] , [14] , [17] (cf. Gouvea [11] ). However, these studies do not directly address the time course of semantic integration. Hence it is still unclear what amount of time is required for concatenating words in sentence processing.
In the visual processing literature, it is well known that human visual processing is very fast in ultra-rapid categorization tasks where subjects have to decide whether an image, which is briefly presented, belongs to a target category or not. Van Rullen and Thorpe [27] reported that subjects can successfully differentiate complex visual categories which are flashed on the screen (20ms) in less than 250ms of behavioral reaction time. Rousselet, Fabre-Thorpe and Thorpe [22] demonstrated that event-related potentials (ERPs) start to reflect a categorical identity of visual images as early as 150ms after stimulus onset. Thus, by using the rapid presentation technique, behavioral and electrophysiological evidence was obtained that gives an upper limit to the time required for visual categorization, shedding lights on the time course of the underling neural processing.
In the present study, we aimed to examine the time course of semantic integration in sentence processing by employing the RSVP paradigm with magnetoencephalography (MEG). The question to address was how rapidly presented words can be interpreted beyond the isolated word level, that is, in the process of phrase structure building. We can begin answering this question by examining simple noun phrases consisting of two words, which escapes from complicated factors that might arise from further sentence processing. This experimental paradigm enables us to concentrate on the investigation of a pure one-on-one selectional relation in concatenating two words, which is essential and the simplest operation in phrase structure building. Specifically, in this study, numeral classifier mismatcheffects in Japanese noun phrases were employed in order to understand how the violation of selectional relations within a phrase is detected under very short stimulus presentation durations. By integrating the current study with our previous behavioral study using the same RSVP paradigm [13], we were able to determine what amount of time it requires for the human brain to process semantic integration.
Japanese Numeral Classifier System
The Japanese numeral classifier system has unique properties. Accordingly, it merits a detailed discussion here. First, numeral classifiers consist of one numeral expression and one classifier. In (1), for example, the numeral classifier san-satsu can be dissected into two parts; san (the numeral expression) and satsu (the classifier).
(1) a. san-satsu-no hon could stem not only from the difficulty of semantic integration of the GNC and the following noun, but also from the cost in reanalyzing the immediate phrase structure to allow the GNC to be associated with the possible incoming noun. Therefore, in the Yoshida et al.'s experiments, pure activity caused by semantic mismatch in phrase structure building could be obscured. Furthermore, the task in their experiment was self paced reading. It follows that since the reading time of the stimuli were controlled by the subjects, from the results of their studies we cannot address the question how long is required to detect semantic anomaly with very rapid presentation time of the stimuli.
In our previous behavioral study [13] , we investigated the properties of the responses caused by the (mis)match between the GNC and its host noun under highly constrained temporal conditions. Unlike Yoshida et al. [28] , only pairs of a GNC and its host noun as in (6) were presented as experimental stimuli, and each word was presented for 58 or 83ms with forward and backward masks. These presentation times were determined because in the pre tests, the former presentation time yielded over 70% of accuracy threshold and the latter over 85% of accuracy with which we interpreted the subjects start to realize the content of the stimuli consciously. Following the methods in an ultra-rapid categorization study by Van Rullen and Thorpe [27] , an analysis of the distributions of the reaction times revealed that the subjects were shown to discriminate the matched cases and mismatched cases at approximately 340 to 360ms after the onset of the host noun. Since the reaction time also includes the time needed to generate the motor command [12], [27], we conjectured from the results of the experiment that semantic integration in concatenating words starts from approximately 250ms. If this estimation is right on the track, we predict that neural responses in this time window should be modulated according to the semantic properties of the stimuli.
In the present study, we aimed to confirm this prediction using magnetoencephalography (MEG). Electrophysiological brain recordings provide direct measures of early neural activity during tasks such as language processing. Their millisecond temporal resolution suggests their utility for testing predictions regarding the online incremental processing of language. MEG is a technique that, like electroencephalography (EEG), directly measures neuronal electric activity. Given the advantage in Signal-to-Noise ratio, MEG enables within-subject data analysis, detecting even subtle within-subject processing difference, which is unrealistic in standard ERP analytic method. In the MEG experiment, stimuli were presented in a RSVP fashion that follows our behavioral experiment. This allows us to make a fair comparison between the current MEG recording and our previous behavioral result [13] . The very short stimulus duration has an additional advantage that it minimizes eye movements which can contaminate MEG responses severely with task-irrelevant noise. Moreover, if the stimulus duration were not short enough, overt/covert vocalization of stimuli during their presentation might happen and the cor- 
Results
In the MEG data, the amplitudes of all three components were not modulated by stimulus conditions i.e. semantically matched/mismatched noun phrases (M1 (p=0.79); M2 (p=0.38); M3 (p=0.61), two-tailed t-test). On the other hand, the M3 latencies were significantly affected by the stimulus conditions. The latencies of the M3 were shorter for matched noun phrases (Mean Peak Latency 268.4ms) than for mismatched noun phrases (mean 277.2ms) (p< 0.02, two-tailed t-test:). In contrast to the M3, the latencies of M1 and M2 were not affected by the stimulus conditions (Ml(p=0.89), M2(p=0.54), two-tailed t-test). The mean differences in amplitudes and latencies for each component are shown in Figs. 3 and 4 , respectively (see Appendix for the results of source localization of the M3 component).
Discussion
The magnetoencephalographic results from the current study together with results from our previous behavioral study shows that it requires approximately 250ms for the human brain to process semantic integration in concatenating words even under a highly constrained visual condition.
In our MEG experiment, we observed three MEG peaks, M1, M2 M3 as primary components. Previous MEG studies of visual word recognition with longer stimulus durations have also found the dipolar field distributions that characteristically appear in the following 100-220ms (M170), 200-300ms (M250 their forward and backward masking experiment, though the magnetic distributions were slightly different from the ones obtained in other MEG studies of visual word recognition (see appendix on the variability on the source distribution of the relevant component). The M2, M3 components found in our experiment, thus, appear to correspond to M170 and M250, respectively. In particular, we found a correlation with the stimulus manipulation in the M3 component, which [25] recently reported that the latency of M250 component is affected by phonotactic probability. In their study, the effects of probability were observed in the latency of M250 time-window. In their lexical decision experiment, the words with high phonotactic probability inhibited the latency of M250 component. Hence it suggests that M250 reflects the stage of lexical selection where the preferred candidate is decided after a set of compatible entries is activated at the stage of lexical access. This conclusion/speculation is consistent with the results of our MEG experiment. While lexical selection appears to be still a single word processing stage, it could be that it is also a context-sensitive stage. That is, the semantic context initially activates semantically compatible lexical entries. The process of lexical selection is therefore easier when the incoming word is semantically compatible to the context than when it is incompatible [2], [6]. Thus, it could be argued that M250, at least partially, represents the cost of some sort of lexical selection. Since the stages of lexical selection and lexical integration are not completely separable, for both stages are tightly constrained by available context, it is reasonable to assume that M250 component would be affected by the semantic integration process involved with the selectional restriction. If so, the latency of M250 (M3 in our experiment), which is elicited after presenting the host noun could reflect the cost of its integration with a given semantic context, in our case, the GNC. This view is, in fact, in line with the interactive lexical processing model proposed by Van den Brink and Hagoort [26] who claim that semantic integration processes should be initiated before the preferred candidate is selected from a set of compatible entries activated in the stage of the lexical access.
All in all, the results of our studies and Stockall et al. [25] conspire to suggest that the stage of lexical access should come earlier than previously claimed by Embick et al.
[8] and Pylkkanen and McElree [23] among others whose MEG experiments indicate that the stage of lexical access is approximately at 350ms after the presentation of a given word.
Finally, as for the relationship between previous ERP studies and the finding in our experiments, Sakai et al. [24] reported in their ERP study that the mismatched pairs of GNCs and their host nouns elicited N400. The result confirms that the relation between GNCs and their host noun is semantic but not morph-syntactic such as agreements in person, number and gender found in Indo-European languages. In addition, though the N400 waveform peaked at approximately 380ms after the presentation of the host noun, it started to diverge from the one in the control condition at approximately 250ms. This is consistent with the findings of our studies. Second, several studies have reported that Recognition Potential (RP) reflects semantic processing of visually presented stimuli including words [ subject.
We found spatial variance of localization of M3 across subjects.
In our 8 subjects, ECDs are obtained at parietal areas for 3 subjects (Fig. A•E1) , at inferior or superior temporal areas for 3 subjects (Fig.A•E2 
